SUMMARY
The alternative oxidase (AOX) is a ubiquinol oxidase found in the mitochondrial respiratory chain of plants as well as some fungi and protists. It has been predicted to contain a coupled diiron center on the basis of a conserved sequence motif consisting of the proposed iron ligands, four glutamate and two histidine residues. However, this prediction has not been experimentally verified. Here we report the high-level expression of the Arabidopsis thaliana alternative oxidase AOX1a as a maltose binding protein fusion in Escherichia coli.
Reduction and reoxidation of a sample of isolated E. coli membranes containing the alternative oxidase generated an EPR signal characteristic of a mixed-valent Fe(II)/Fe(III) binuclear iron center. The high anisotropy of the signal, the low value of the g-average tensor, and a small exchange coupling (-J) suggest that the iron center is hydroxo bridged.
A reduced membrane preparation yielded a parallel mode EPR signal with a g-value of about 15 . In AOX containing a mutation of a putative glutamate ligand of the diiron center (E222A or E273A) the EPR signals are absent. These data provide evidence for an antiferromagnetically coupled binuclear iron center, and together with the conserved sequence motif, identify the alternative oxidase as belonging to the growing family of diiron carboxylate proteins. The alternative oxidase is the first integral membrane protein in this family, and adds a new catalytic activity (ubiquinol oxidation) to this group of enzymatically diverse proteins.
INTRODUCTION
Alternative oxidase (AOX) 1 activity, first described as oxygen consumption in the presence of cyanide, was reported in the early 1900s from studies on lily pollen, and was later found in high levels in the thermogenic inflorescences of the plant family Araceae (reviewed in (1-3) ). It has subsequently been found in many plant tissues and in many fungal (4) and protist species (5) . AOX plays a key role in the respiration of the trypanosome (6), the causative agent of African sleeping sickness. Because the enzyme is absent from animal mitochondria, there has been interest in AOX as a target for anti-parasite therapeutics.
The AOX does not pump protons, and therefore the energy derived from the oxidation of ubiquinol is not conserved as ATP. The metabolic rationale behind the presence of AOX can vary with organism. In the mammalian bloodstream stage of trypanosomes, where AOX is the only terminal oxidase, its dissipation of excess reducing equivalents balances the glycolytic reactions occurring in the glycosome. In an unusual group of plants belonging to the family Araceae, the AOX allows the rapid uncoupled respiration which leads to heating of the inflorescence (2) . In more typical plants, there is evidence that AOX is a response to oxidative stress (7) . It has been suggested that here the presence of AOX serves to prevent overreduction of the quinone pool, and in so doing minimizes the release of reactive oxygen species. Evidence consistent with this role has been obtained in cultured tobacco cells (8) . In keeping with this role, in yeasts the presence of AOX correlates with the absence of an alternative means to dissipate excess reducing equivalents, i.e. aerobic fermentation (4).
In spite of its wide occurrence in mitochondria and the early observation of the activity, the nature of the active site of AOX has remained elusive. In the early 1970s a specific inhibitor was reported, and this discovery allowed AOX activity to be further specified as a cyanide-resistant, salicylhydroxamic acid-sensitive ubiquinol oxidase (9) . However, continued efforts at spectroscopic detection of the enzyme were not successful.
Detergent-solubilized, partially-purified preparations of this integral membrane protein yielded no EPR signal upon reduction or oxidation, and no visible absorption spectrum above 320 nm (10) . Experimental evidence for the identity of the cofactor emerged when iron was shown to be required for the appearance of activity from the AOX apoprotein in whole-cell experiments with the yeast Pichia anomala (formerly Hansenula anomala) (11) and more recently for the trypanosome AOX activity in heme-deficient E. coli (12) .
In the late 1980s a partial purification of AOX allowed the generation of an antibody (13, 14) , which permitted the first cloning of the gene from the thermogenic aroid Sauromatum guttatum (15) . The further cloning of AOX from a variety of species revealed several conserved Glu-Xaa-Xaa-His motifs. This prompted Siedow et al. (16) to postulate that AOX was a diiron carboxylate protein. Modification of that original hypothesis using additional sequence data and evolutionary considerations has generated a model of AOX as a diiron carboxylate protein that interacts with one leaflet of the membrane bilayer as an interfacial integral membrane protein (17, 18) . To date it has not been possible to experimentally confirm the identity of the metal center because of the continued difficulties in purifying AOX in a stabilized form and with a yield sufficient for spectroscopic methods (6, 10, 13, (19) (20) (21) .
Here we have expressed the Arabidopsis thaliana alternative oxidase AOX1a to high levels in Escherichia coli membranes. Using these membranes, we present the first EPR spectra of AOX. The spectra are characteristic of a mixed-valent coupled Fe(II)/Fe(III) state and identify AOX as a diiron carboxylate protein. We have also mutated several putative iron ligands and show loss of this distinctive mixed-valent EPR signal, in agreement with the assignment of the EPR signal to the diiron center in the AOX.
EXPERIMENTAL PROCEDURES
Mutagenesis and Expression-The Arabidopsis thaliana alternative oxidase gene AOX1a was amplified with polymerase chain reaction (PCR) using pAOX (22) as a template and the primers (cggaattcagcatgcatatggctagcacgatt) and (caggatccgtcgactcaatgatacccaat), and cloned into the EcoRI-BamHI sites of pMALc2 (New England BioLabs) such that the coding region of AOX (omitting the signal sequence) was fused to the C-terminus of MBP. The AOX gene in this construct, pAtAOc2, was sequenced to ensure that no mutations were introduced, and subsequently transferred to pMALc2X (New England BioLabs) with an EcoRI-BamHI digest to form pAtAOc3. The AOX gene was split into two cassettes for mutagenesis at the KpnI site. pNNK8 was described previously (23) . pKH9 contains the KpnI-HindIII fragment from pAtAOc3 in pUC119. Mutagenesis was performed by recombination PCR (24), using two overlapping oligonucleotides specific to the β-lactamase gene (gacttggttgaatattcaccagtc and gactggtgaatattcaaccaaagtc), and two oligonucleotides specific to each mutation: E222A (gcagagaatgCgagaatgcatcttatg and cattctcGcattctctgcttcc); H225A (gagagaatgGCtcttatgacattcatg and cataagaGCcattctctcattc); E273A (gtaccttgCGgaagaagcgatcc and gcttcttcCGcaaggtaccgag); and H327A (gaggctcatGCGcgtgatgtaaacc and catcacgCGCatgagcctcgtc). Following sequencing, the mutated cassettes were reintroduced into pAtAOc3, and the plasmids sequenced again to verify the transfer.
When low-level expression of AOX was desired, a spontaneous mutant of pAtAOc2 having an attenuated expression level was used. The mutations in this vector, pAtAOcM, are found outside the AOX coding region. The isolation and characterization of pAtAOcM will be described elsewhere (25) .
For expression, pAtAOc3 was transformed into E. coli C43 (DE3). The cells were grown at 37°C with shaking in LB media containing 60 µg/ml ampicillin and 40 µM FeSO 4 to an A 600 of 0.5, at which point the temperature was dropped to 18°C. After 1 hr, 0.1 mM IPTG was added to induce expression. The cells were harvested 15-18 hours after induction. pAtAOcM was transformed into E. coli GO103 (a gift from R.B.Gennis, Univ. of Illinois), grown at 37°C in the same medium, and harvested after a 6 hr induction with 0.1 mM IPTG.
For complementation studies, the mutations were transferred to plasmid pAtAOn3, which is based upon pAtAOmKX (26), but has an altered 3' non-coding region containing the rrnB terminator, and yields roughly double the level of AOX expression. To construct pAtAOn3, a fragment containing the terminator region was transferred from pAtAOc2 to pAtAOmKX by digestion with KpnI and SacI. The activity of the AOX mutants in pAtAOn3
was assessed by testing their ability to restore aerobic respiration in heme-deficient E. coli as described previously (26). Plates were incubated at 37°C for 3-4 days. Colonies expressing wildtype AOX were visible after 2 days.
Membrane isolation and characterization-The E. coli cell pellet was resuspended at an A 600 of 50-100 in 50 mM potassium phosphate, pH 7.0, 5 mM dithiothreitol and 10 mM pyruvate, with 0.5 mM PMSF added immediately prior to breakage. The cells were broken using one pass through a French Pressure Cell (18,000 psi). Unbroken cells and debris were removed by centrifugation (15 min, 10,000 x g), and the supernatant was removed and centrifuged a second time. The supernatant of the second centrifugation was centrifuged (2 hr, 100,000 x g) to pellet the membrane fraction. The pellet was homogenized in a minimal volume of 15% sucrose, 50 mM potassium phosphate, 1 mM EDTA, 10 mM pyruvate, pH 7.0 and frozen at -80°C. Prior to EPR analysis, the membranes were thawed and diluted into 50 mM Tris, 5 mM pyruvate, pH 7.5, and ultracentrifuged as above. The pellet was homogenized in 15% sucrose, 50 mM Tris, 5 mM pyruvate, pH 7.5 and either used for EPR immediately, or stored at -80°C until use. In later experiments, 50 mM Tris pH 7.5 replaced the potassium phosphate buffer throughout the preparation, and EDTA was omitted from the -80°C storage buffer. Protein was determined using Petersen's modification of the Lowry method (27) , with bovine serum albumin as the standard. The protein concentration in the E. coli C43 (DE3) membrane preparations ranged from 73-78 mg protein/ml, and that in the E. coli GO103 preparation (containing the low expression level of AOX) was 58 mg protein/ml.
For preparation of EPR samples, the membrane suspension was diluted 2-fold. All protein and spin concentrations given in the text refer to the original undiluted sample. Denaturing gel electrophoresis was carried out using a modified Laemmli system containing 2.5 M urea as previously described (10), except that the protease inhibitor was omitted, and dithiothreitol (0.1 M) replaced β-mercaptoethanol as the reducing agent.
Redox Titrations Oxidation-reduction potential titrations were carried out in an apparatus similar to that described by Dutton (28) . The sample (1.6-1.8 ml) was stirred in vessel maintained at 0 °C. The redox potential was measured using a platinum electrode with a calomel reference. Seven mediators were used: indigo carmine (E' o = -125 mV), methylene A control sample with overexpressed AOX prepared was removed from the electrode chamber prior to the introduction of oxygen and was kept anaerobically on ice for 30 min Only a small EPR signal from the mixed-valent iron center was observed (Fig. 2e) , which is even smaller than that from the initial sample (Fig. 2f) (Fig 1, 
lane 4). Preliminary results from an immunoblot indicate that the level of expression is 4-7-fold less than the sample expressed from pAtAOc3 (data not shown). In these membranes, we observed a maximal mixed-valent spin concentration of 2 µM (Table 1C). This concentration is 6-fold less than what is observed for the high expression level samples.
In order to observe the effect of a disrupted diiron center on the appearance of the mixed-valent EPR signal, we mutated each of four putative iron ligands (E222, H225, E273, and H327) individually to alanine. The mutants were tested for their ability to restore aerobic respiration to the heme-deficient E. coli SASX41BD. Using this complementation assay, it was observed that none of the four mutants were active. When either of the two histidine ligands H225 or H327 were mutated to alanine, the protein was destabilized such that little or no protein was observed on a Coomassie-stained SDS gel (Fig. 1, lanes 6 and 8) . Mutation of the glutamate residues E222 or E273 to alanine did allow a level of protein expression similar to the native MBP-AOX fusion (Fig. 1, lanes 5 and 7) . Reduction and reoxidation of the E. coli membranes containing either of these two mutants yielded no detectable mixedvalent EPR signal (Table 1D and predicted by theory (32,34) . (Fig. 4.) From this relationship, the exchange integral was found to be -J = 5.5 ±1 cm -1 .
We also observed the signal of the fully reduced diiron site in parallel mode EPR (microwave frequency 9.35 GHz) at g = 15, and this signal disappeared upon oxidation when the mixed-valent signal increased (Fig. 5) .
DISCUSSION
The present study gives the first experimental evidence for a coupled binuclear iron center at the active site of AOX, made possible by a high level of expression of AOX in E.
coli. Careful attempts made earlier to locate an EPR signal in the enzyme in whole mitochondria had been unsuccessful (35) (36) (37) , as were EPR analyses of partially purified preparations (10, 38) .
The oxidized form of a typical diiron carboxylate protein has an antiferromagnetically coupled pair of high-spin ferric ions and is therefore EPR silent. The coupling is mediated by a bridging ligand, typically an oxo or hydroxo group. The fully reduced form has a pair of ferrous ions, weakly if at all coupled, and is likewise EPR silent, except in parallel mode EPR where a high g-value signal may be seen (39, 40) . The antiferromagnetically coupled Fe(II)/Fe(III) state has a spin 1/2 and should give rise to an EPR spectrum with g-value components below 2 (29, 41, 42) . These EPR signals are now observed in AOX: a mixedvalent signal under oxidizing conditions and a g= 15 signal under reducing conditions. The mixed-valent signal is present when AOX is expressed in the membrane preparation, and is lacking when AOX is absent. The observation of the mixed valent signal shows that AOX contains a diiron carboxylate site, and further support is provided by the g = 15 signal, which is observed under fully reducing conditions. This EPR signal is typical of a site containing two exchange-coupled high spin ferrous ions. Such systems having S = 4 can show an integer spin EPR signal, which arises from a ∆M S = 8 transition. This transition is usually forbidden but is allowed in a parallel mode EPR experiment (31, 39) . Normally this EPR signal cannot be quantitated since it may be only partially observable in the EPR spectrum.
The EPR observations on the native samples are further substantiated by the results of the mutants; when either of two putative iron ligands are changed from glutamate to alanine, no mixed-valent iron signal is seen. We found that mutation of any of the four putative ligands (E222, H225, E273, H327) resulted in a loss of AOX activity, as assessed by their inability to restore aerobic respiration to a heme-deficient strain of E. coli. This is consistent with a recent report of mutation of the residues in the trypanosome AOX corresponding to E222, H225, and H327 (12) . Here, too, each substitution resulted in a loss of AOX activity. (Table 1C) ferredoxin-type centers of NADH-dehydrogenase (N1-N4) and succinate dehydrogenase (S-1) that all are paramagnetic in the reduced state and contribute to the signal at g=1.94 (49, 50) and HiPIP iron-sulfur center of succinate dehydrogenase S-3, which is paramagnetic in oxidized state (g av =2.03) (51) . b) E. coli C43(DE3) c) not detectable; detection limit is 0.05 µM 
